A CUTE LUNG INJURY AND ACUTE respiratory distress syndrome (ARDS, the most severe form of acute lung injury), are potentially devastating complications of critical illness.
Although mechanical ventilation provides essential life support, it can worsen lung injury. Mechanisms include regional alveolar overdistention, repetitive alveolar collapse with shearing (atelectrauma), and oxygen toxicity. 5 A pivotal multicenter trial established the importance of overdistention by demonstrating that ventilation with lower tidal volumes vs traditional tidal volumes (6 vs 12 mL/kg) improves survival. 6 This specific low-tidal-volume strategy has become the standard for comparison in evaluations of newer strategies for lung protection. Experimental data suggest that atelectrauma is prominent in ARDS. 7, 8 Consequently, atelectrauma might be another important contributor to ARDS mortality. Atelectrauma may be mitigated by recruitment maneuvers (periodic hyperinflations) to open collapsed lung tissue and high levels of positive end-expiratory pressure (PEEP) to prevent further collapse. In theory, ventilation strategies that combine low tidal volumes with prevention of atelectrauma would be ideal for lung protection.
Support for this theory comes from 2 randomized trials that combined low tidal volumes with high PEEP (and, in 1 study, recruitment maneuvers) and observed significant mortality reductions in patients with established ARDS. 9, 10 Both trials used more traditional tidal volumes in the control group; thus, the incremental benefit of high levels of PEEP and recruitment maneuvers, beyond that achieved with low tidal volumes and lower PEEP, remains uncertain. A third trial specifically investigated the incremental effect of high levels of PEEP. 11 After stopping early for perceived futility, the sample of 549 patients provided a result that could not rule out either an important mortality reduction or an increase with the high PEEP strategy.
The objective of the present trial was to examine the effect on mortality of a multifaceted "lung open ventilation" (LOV) strategy combining low tidal volumes, recruitment maneuvers, and high levels of PEEP compared with an established low-tidal-volume strategy in patients with moderate and severe lung injury.
METHODS
We enrolled patients from August 2000 to March 2006 in 30 hospitals in Canada, Australia, and Saudi Arabia. The research ethics board of each hospital approved the trial, and legal substitute decision makers for each patient provided either written or oral informed consent.
Participants
We included patients with both acute lung injury and ARDS, defined by the onset of new respiratory symptoms within 28 days and bilateral opacifications on chest radiograph, and requiring a ratio of arterial oxygen tension to inspired oxygen fraction (PaO 2 /FIO 2 ) less than or equal to 250 during invasive mechanical ventilation. The launch of this trial preceded recent studies suggesting the desirability of patient assessments on standard ventilator settings. We excluded patients with left atrial hypertension, as diagnosed by the attending physician, as the primary cause of respiratory failure; anticipated duration of mechanical ventilation of less than 48 hours; inability to wean from experimental strategies (eg, nitric oxide); severe chronic respiratory disease; neuromuscular disease that would prolong mechanical ventilation; intracranial hypertension; morbid obesity; pregnancy; lack of commitment to life support; premorbid Table 2 See Table 2 Partial pressure of oxygen, arterial, Before protocol change  5-10  10-14  14-20  20  20  20  20  20-24  After protocol change  5-10  10-18  18-20  20  20  20-22  22  22-24 Abbreviation: PEEP, positive end-expiratory pressure. a Both ventilation strategies included a protocol for reducing PEEP when plateau pressure exceeded the assigned plateau pressure limit or when mean arterial pressure decreased to less than 60 mm Hg, whether or not this occurred in the setting of an increase in PEEP.
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conditions with an expected 6-month mortality risk exceeding 50%; greater than 48 hours of eligibility; and participation in a confounding trial. We concealed randomization using a central computerized telephone system and stratified enrollment by site using variable permuted blocks. At the end of the trial, we noted an unexpected difference in the number of patients allocated to each group and found that in high-volume hospitals with rapid enrollment and in newly participating centers, a programming error occurring late in the study had disrupted the specified randomization blocks. Sensitivity analyses indicated that this error did not undermine randomization.
Ventilator Procedures
The experimental ventilation strategy was based on a previously defined "open-lung approach" 9 including pressure control mode; target tidal volume of 6 mL/kg of predicted body weight, with allowances for 4 mL/kg to 8 mL/kg; and plateau airway pressures not exceeding 40 cm H 2 O. Patients started with a recruitment maneuver, which included a 40-second breathhold at 40 cm H 2 O airway pressure, on an FIO 2 of 1.0.
In contrast with the previous openlung approach, which determined PEEP levels for individual study patients by a single pressure-volume curve analysis at enrollment, 9 we adjusted PEEP levels according to FIO 2 . Based on a standard PEEP protocol that reflected usual care and was successfully implemented in an earlier multicenter trial, 6 we introduced modifications to ensure higher PEEP levels in the experimental group. Protocols for reducing PEEP levels in the setting of hypotension (mean arterial pressure Ͻ60 mm Hg), high plateau airway pressures (Ͼ40 cm H 2 O), or refractory barotrauma (see below) allowed us to further modify PEEP levels according to individual patient needs. After the initial recruitment maneuver, starting with PEEP at 20 cm H 2 O, both FIO 2 and PEEP were reduced as outlined in An additional recruitment maneuver followed each disconnect from the ventilator, up to 4 times daily, until FIO 2 was 0.40 or less. We withheld recruitment maneuvers when mean arterial pressure was less than 60 mm Hg, and for barotrauma. At the first investigators' meeting, 8 months after the launch of the trial, we reviewed PEEP levels in each group. While PEEP levels clearly differed between the 2 study groups, clinicians at participating hospitals were increasingly comfortable with higher levels of PEEP. Reasoning that the goal of the study was to maximize this separation while staying within the bounds of clinical equipoise and usual clinical practice, we increased PEEP levels in the experimental strategy (Table 1 and  Table 2 ).
Using the Acute Respiratory Distress Syndrome Network's low-tidalvolume ventilation protocol, 6 the control strategy included volume-assist control mode; target tidal volumes of 6 mL/kg of predicted body weight, with allowances for 4 mL/kg to 8 mL/kg; plateau airway pressures up to 30 cm H 2 O; and the PEEP strategy shown in Table 1 and Table 2 . Recruitment maneuvers were not permitted in the control group.
When patients met specific criteria denoting either refractory hypoxemia (PaO 2 Ͻ60 mm Hg for at least 1 hour while receiving an FIO 2 of 1.0), refractory acidosis (pH Յ7.10 for at least 1 hour), or refractory barotrauma (persistent pneumothorax with 2 chest tubes on the involved side or increasing subcutaneous or mediastinal emphysema with 2 chest tubes), clinicians could, at their discretion, deviate from the assigned ventilation protocols or institute "rescue therapies" (including prone ventilation, inhaled nitric oxide, high-frequency oscillation, jet ventilation, or extracorporeal membrane oxygenation). The protocol called for recommencement of the assigned protocol as soon as possible. In addition, if patient discomfort was difficult to control, clinicians could institute pressure support mode, adhering to the assigned targets for tidal volume and airway pressure until FIO 2 was Data related to the number of patients screened, eligible, and excluded were not collected consistently at some sites and are not shown. Seven patients who were withdrawn from the study at various time points (ranging from study days 1-11) were included in the primary analysis and contributed partial data for secondary analyses.
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©2008 American Medical Association. All rights reserved. The study weaning protocol, supported by current recommendations, 12 included explicit daily assessments of patients' readiness to undergo a trial of unassisted breathing. Following a successful trial and ensuring the presence of a cuff leak, respiratory therapists notified the attending physician with a view to prompt extubation. Use of sedation and neuromuscular blockade and the timing of tracheostomy were at the discretion of intensive care unit clinicians.
Strategies to facilitate adherence to protocol throughout the trial included educational in-service sessions, bedside prompts, daily assessments by research personnel, and standardized real-time center-specific audit and feedback.
Data Collection and Outcome Measurements
Research personnel recorded demographic characteristics, physiological data, relevant intensive care unit interventions, and radiographic characteristics from the 24 hours preceding randomization. We recorded respiratory data at baseline and at 8-hour intervals thereafter until extubation. Daily, we documented physiological data, radiographic findings, and relevant therapeutic interventions. We followed all patients up to the time of hospital discharge.
The primary outcome was all-cause hospital mortality. We classified patients discharged to an alternative level of care facility as alive at discharge. We also documented mortality during mechanical ventilation, intensive care unit mortality, and 28-day mortality.
We defined barotrauma as pneumothorax, pneumomediastinum, pneumoperitoneum, or subcutaneous emphysema on chest radiograph or chest tube insertions for known or suspected spontaneous pneumothorax. Additional predefined secondary outcomes included eligible use and total use of rescue therapies in response to refractory hypoxemia, refractory acidosis, or refractory barotrauma (defined above). We classified deaths that occurred during or following a period of refractory hypoxemia as death associated with refractory hypoxemia. The duration of mechanical ventilation includes the day of enrollment to the day of (1) extubation that was successful for at least 24 hours or (2) passing a trial of unassisted breathing and ultimately continuing with unassisted breathing (including tracheostomy mask, T-piece, or continuous positive airway pressure and pressure support Յ5 cm H 2 O) for at least 48 hours. The duration of hospital stay includes the date of enrollment to the date of discharge from the study hospital.
Statistical Analysis
The target sample size of 980 patients assumed a control group hospital mortality rate of 45%, based on finding a 50% mortality rate in a similar population that did not receive the current standard for lung-protective ventilation. 13 We also assumed a relative risk reduction of 20%, 80% power, and a 2-sided t test at a significance level of ␣Ͻ.05 and applied a continuity correction (the Fleiss approxi- 14 An independent data monitoring committee conducted 2 interim analyses using a nominal PϽ.001 as a threshold to consider early stopping.
The primary analysis was a MantelHaenszel analysis of hospital mortality, using center as the single stratification variable.
In a planned secondary analysis of hospital mortality, we adjusted for 4 baseline variables: age, the Acute Physiology Score component of the Acute Physiology and Chronic Health Evaluation (APACHE) II score, 15 sepsis, and duration of hospitalization. To present study results as relative risks, we planned to use the exact log-binomial approach. With failure to converge using this method, we used an indirect logistic regression analysis, using the bootstrap method to derive confidence intervals. 16 We also conducted a subgroup analysis to investigate an interaction between severity of lung injury at baseline, defined by quartiles of PaO 2 /FIO 2 , and treatment effect.
Four sensitivity analyses addressing the outcome of hospital mortality examined potential bias introduced by the blocked randomization programming error; these results did not differ from our primary analysis. Formal comparisons of 25 baseline characteristics using the Bonferroni correction revealed no statistically significant imbalances. Analyses of the duration of mechanical ventilation and hospital- Abbreviations: FIO2, fraction of inspired oxygen; I:E, inspiration:expiration; PEEP, positive end-expiratory pressure; PaO2, partial pressure of arterial oxygen; PaCO2, partial pressure of arterial carbon dioxide. a Data shown were derived from the average value obtained for each patient over 3 measurements each day. Values were recorded on days 1, 3, and 7 after enrollment. For tidal volume and plateau airway pressure measurements, data exclude patients weaning in pressure support mode, with FIO2 less than or equal to 0.40 and PEEP less than or equal to 10 cm H2O.
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©2008 American Medical Association. All rights reserved. ization excluded 3 patients transferred to long-term ventilation facilities and all patients who died prior to extubation or hospital discharge. We compared non-normally distributed data using the Wilcoxon rank-sum test. All final analyses followed predefined protocols based on the intention-to-treat principle, were stratified by center (except duration of ventilation and hospitalization), and were conducted independently by 2 analysts at the CLARITY Methods Centre in Hamilton, Ontario, using SAS software, version 9.1 (SAS Institute Inc, Cary, North Carolina). One analyst was blinded to allocation.
RESULTS
We enrolled 985 patients (FIGURE 1) . Physicians refused enrollment for 58 eligible patients; these patients were never randomized. Families withdrew consent for 1 patient in each group immediately after randomization, without knowledge of group allocation and prior to any initiation of study procedures. We did not collect data on these patients and they did not contribute to any analyses. Primary outcome data were available from all patients. Seven patients, withdrawn from the study at various time points (ranging from study days 1-11), contributed partial data for secondary analyses.
The majority of patients (85.0%) met criteria for ARDS at study entry (PaO 2 / FIO 2 Յ200; TABLE 3). Control group patients were, on average, 2.4 years older than patients in the experimental group, and their rate of sepsis at baseline was 3.7% higher. The most common causes of lung injury were sepsis (47.0%), pneumonia (44.8%), and gastric aspiration (19.4%). TABLE 4 shows the evolution of respiratory data. Mean tidal volumes were similar in the 2 groups and within the target range. Results showed a consistent and significant difference in PEEP levels between groups. Control group patients had more hypoxemia and required higher inspired oxygen levels. Plateau airway pressures were higher in the experimental group, though observations above 35 cm H 2 O were infrequent in both groups (Table 4) .
Among patients in the experimental group, 366 received at least 1 recruitment maneuver following the initial recruitment maneuver at study initiation. Eighty-one patients (22.1%) developed a complication associated 
All-cause mortality
Patients were censored at hospital discharge and at death in the 2 analyses, respectively. 
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with a recruitment maneuver: 61 (4.5%) resulted in a mean arterial pressure of less than 60 mm Hg, 58 (4.2%) were associated with a decrease in oxygen saturation to less than 85%, 24 (1.8%) were associated with bradycardia or tachycardia, 4 (0.3%) were associated with cardiac arrhythmia, and 4 (0.3%) were associated with a new air leak through an existing thoracostomy tube. In 3 patients, clinicians detected new barotrauma immediately following a recruitment maneuver. TABLE 5 summarizes the use of selected intensive care unit interventions, which clinicians administered similarly in both groups.
There were 173 hospital deaths (36.4%) in the experimental group and 205 (40.4%) in the control group. The relative risk of death in the hospital was 0.90 (95% confidence interval, 0.77-1.05; P=.19) (FIGURE 2 and TABLE 6) . The secondary adjusted analysis of hospital mortality showed a relative risk of 0.97 (95% confidence interval, 0.84-1.12; P = .74). We found no interaction between severity of baseline lung injury and response to treatment (TABLE 7) .
There were 53 experimental patients vs 47 controls who developed an episode of barotrauma, for an absolute difference of 6 events. There was a lower incidence of refractory hypoxemia as a cause for deviation from the assigned ventilation settings, and a lower rate of associated deaths, among patients in the experimental group (Table 6 ). The median duration of mechanical ventilation among survivors of mechanical ventilation was 10 days (interquartile range, 6-17 days) in the experimental group and 10 days (interquartile range, 6-16 days) in the control group (P=.92). The median duration of hospitalization among survivors was 28 days (interquartile range, 17-48 days) vs 29 days (interquartile range, 16-51 days) (P=.96).
COMMENT
This trial comparing 2 lung-protective ventilation strategies, an established low-tidal-volume strategy and an experimental lung open ventilation strategy that includes low tidal volumes, recruitment maneuvers, and higher levels of PEEP, resulted in no statistically significant difference in rates of all-cause hospital mortality. The lower mortality rate observed in the experimental group was not statistically significant and became negligible in a secondary adjusted analysis. The 2 strategies resulted in similar rates of barotrauma and similar duration of mechanical ventilation. The experimental strategy was associated with less use of rescue therapies and fewer deaths associated with refractory hypoxemia.
A number of hypotheses could explain the similar mortality rates we observed. First, our experimental strategy may have no appreciable impact on survival beyond that achieved with low tidal volumes and standard PEEP levels alone. Alternatively, the experimental strategy may reduce deaths among patients similar to those studied; however, our trial did not have sufficient power to detect a relatively small mortality reduction. Finally, benefits to the lung open ventilation strategy may be restricted to an as-yet undefined subgroup of patients, with no effect or harm to other subgroups. Early preclinical and clinical trials providing indirect evidence that openlung strategies improve survival were restricted to animal models 7, 8 of ARDS and to patients with severe ARDS 9 or persistent ARDS. 10 Findings in this study did not suggest that the inclusion of patients with acute lung injury diluted a survival benefit that is restricted to patients with ARDS; we failed to detect an interaction between baseline severity of lung injury and treatment effect. Nevertheless, a significant proportion of patients receiving the experimental strategy may have failed to achieve an open lung with the experimental study protocol. This theory is supported by recent computed tomography evidence demonstrating that response to PEEP in a heterogeneous population of ARDS patients is highly variable and frequently leads to overdistention as opposed to lung recruitment. 18 Thus, the benefits of recruitment maneuvers and higher levels of PEEP for some might have been offset by harm to others, particularly among the relatively few patients exposed to higher plateau airway pressures. 19, 20 The experimental strategy permitted plateau airway pressures up to 40 cm H 2 O compared with 30 cm H 2 O in the control group; however, plateau airway pressures rarely exceeded 35 cm H 2 O with the experimental strategy. This is the largest of 3 trials testing the incremental benefit of maneuvers aimed to minimize atelectrauma compared with low-tidal-volume ventilation alone in patients with acute lung injury and ARDS. In a previously published trial, the compared ventilation strategies differed primarily with respect to PEEP levels. 11 The investigators stopped the trial early for futility when the unadjusted analysis revealed a trend toward increased mortality with the lung open strategy; however, the adjusted analysis addressing large baseline imbalances revealed a nonsignificant reduction in mortality.
A third large trial, which has been completed and published in abstract form, tested an innovative strategy in which the primary difference from the control strategy was the management of PEEP. 21 This trial, similar to the present trial, observed a trend toward lower mortality with the high-PEEP strategy. None of these 3 trials directly measured lung recruitment with the experimental strategies. On balance, however, the results of these trials support the notion that open-lung ventilation strategies, which combine low tidal volumes with additional efforts to open the lung, are an acceptable alternative to the current standard of care. Evidence that critical care clinicians do not fully accept the currently recommended lung-protective ventilation strategy makes the finding of an acceptable alternative strategy particularly relevant.
22
Strengths of this trial include rigorous methods to minimize bias (concealed randomization, explicit study protocols, complete follow-up, and analyses based on the intention-totreat principle). Recruitment of a large sample from 30 multidisciplinary intensive care units with international representation enhances the generalizability of our findings.
Limitations of the trial include our inability to differentiate among the specific effects of higher levels of PEEP, higher plateau airway pressures, recruitment maneuvers, or pressure control mode in lung protection. We observed modest baseline imbalances in age and sepsis, and whether our secondary analysis adjusting for age, sepsis, acute physiology, and duration of hospitalization represents a more accurate estimate-vs an overadjusted estimate-of the treatment effect remains uncertain. The relevance of our observations of reduced use of rescue therapies in the experimental group and fewer deaths associated with refractory hypoxemia are unclear.
In summary, for patients with acute lung injury and ARDS, we found similar mortality in patients with a multifaceted protocolized lung-protective ventilation strategy designed to open the lung compared with an established low-tidal-volume protocolized ventilation strategy. We found no evidence of significant harm or increased risk of barotrauma despite the use of higher PEEP. In addition, the "openlung" strategy appeared to improve oxygenation, with fewer hypoxemiarelated deaths and a lower use of rescue therapies by the treating clinicians. Our results, in combination with the 2 other major trials, justify use of higher PEEP levels as an alternative to the established low-PEEP, low-tidal-volume strategy.
